Abstract: In order to curb environmental impact, absolute resource use reductions are urgently needed. To reach this goal, multi-scalar synergies and trade-offs in global resource use must be effectively addressed. We propose that better understanding the role of extractive economieseconomies that extract raw material for export-in global resource use patterns is a prerequisite to identifying such synergies and trade-offs. By combining a system-wide environmental accounting perspective with insights from political ecology and political economy research, we demonstrate that (1) the extractivist expansion may be the corollary of reduced immediate environmental impact in the industrialized countries; and (2) the material flow patterns on which this result is based do not suffice to identify the mechanisms underlying extractivist development and its role in global resource use. Our work on extractive economies illustrates that, in order to supply transformative knowledge for sustainability transformation, biophysical and socio-political conceptualizations of society-nature relations must be more strongly integrated within the interdisciplinary sustainability sciences in general and social ecology in particular.
Introduction
If we are to have any chance at sustainability transformations, we must reduce our global resource use in absolute terms [1] . Some of the richest countries in the world seem to have made progress towards such reductions: Since the 1970s, countries in Europe, North America, and Asia that industrialized early have experienced stagnating or even declining material resource use [2, 3] as reflected in their domestic material consumption (DMC). Under the economy-wide material flow accounting framework, DMC corresponds to material extraction (from agriculture, forestry, and mining) plus material imports minus material exports and covers all the material which an economy integrates into stocks (buildings, infrastructure, and durable goods) and/or either immediately or eventually turns into waste or emissions [4] . When trade plays a dominant role in aggregate material use, the DMC indicator may not offer sufficient information on underlying material flow patterns. What is not directly captured in aggregate material use trajectories is the importance of other countries as sources of raw materials for the environmental progress of the industrialized countries. We postulate that extractive economies which extract raw material for export (as primary goods) [5, 6] play a pivotal role in both the stagnation of material resource use in the industrialized countries and in the growth of material use at the global level. By supplying energy-and material-intensive primary resources to the global market, extractive economies enable other countries to concentrate on the addition of value in the secondary or even the tertiary sectors. These sectors tend to be, in direct terms, less materialand energy-intensive and feature high-value output. Imports, rather than domestic extraction, are an increasingly important source of resources for industrialized economies. Extractive economies, in contrast, may often be dependent on imports of secondary commodities in meeting their final demand [7, 8] . The win-win situation in the industrialized countries (experiencing increasing affluence and decreasing resource use) may actually be a lose-lose situation globally (unsustainable income and increasing resource use). As a source of income, the extraction of raw materials, even of 'renewable' biomass, does not offer unlimited growth opportunities: mineral resources are extracted at rates much higher than the rates at which they are naturally replenished while biomass harvest is ultimately limited by available land area (and subject to more confining boundaries when nutrient depletion, water cycles, and environmental impact are taken into account). Yet, the expansion of extractive activities, especially in low-and medium-income countries, is currently being encouraged through a series of political instruments. The European Raw Materials Initiative [9] , for example, is aimed at ensuring global supply of raw materials to the European Union while simultaneously encouraging the extraction of raw materials within its borders to improve security of supply [10] , not only for minerals but also for biotic resources extracted through agriculture and forestry as expounded in the bioeconomy strategy [11] . The UN holds that extractive industries can ultimately contribute to achieving the Sustainable Development Goals [12, 13] .
In promoting the extractive activity on which high-consuming and growing economies so heavily depend, Norway, Canada, and Australia are commonly cited as best-practice examples in which significant gains in affluence have been made through expanding extractive activity [13] . All three are both important global suppliers of resources and affluent, economically thriving countries. This general observation as well as our empirical work, with which we also seek to identify to what extent the grounds for this success of a small number of countries may be replicated by other economies, refers to the aggregate national level. Underlying the development at this level of scale are subnational disparities that form part of the staple theory of growth [14] , developed in the early 20th century for Canada and considering the role of what we might refer to as subnational core and peripheral regions in raw materials-based growth. While high-income countries in which extraction figures prominently may appear to form a contrast to those countries that exchange low-price primary commodity exports for high-price secondary commodity imports (e.g., Chile, Colombia, Ecuador, Mexico, and Peru [15] [16] [17] [18] ), it is possible that they share communalities at the subnational level.
The extractivist expansion is potentially a critical barrier to sustainability transitions. In order to come to a better understanding of extractive economies, we propose that it is necessary to (1) identify resource use trajectories of these economies and their role in global resource use patterns and (2) integrate insights from such empirical work within a conceptual framework allowing for the identification of functional mechanisms in this particular form of societal organization of resource use. This is, of course, a tall order and not one we will fulfill with this article. Rather than a full-fledged socio-ecological analysis of extractive economies, we offer an exploration of quantitative material flow data that can be used to characterize extractive economies and a discussion of the 'bridges' to political ecology and political economy research that identify qualitative and space-sensitive understandings of the factors and mechanisms shaping resource use in extractive economies and, by extension, globally. The investigation of resource use trajectories is based on a system-wide perspective and internationally harmonized and comparable indicators [4] which allows us to take synergies and trade-offs across levels of scale into account. The mechanisms underlying these resource use patterns cannot be identified based on quantitative information alone, but require the conceptual, functional understanding that can be gained from solid theoretical underpinning.
We develop a framework of socio-metabolic and socio-economic indicators (biophysical resource extraction, trade, monetary income) and apply it to a global sample of 142 countries in the year 2010. We enrich the emerging biophysical characteristics with those that political ecology and political economy research have identified as potentially important for extractive economies. We propose that social ecology's conceptualization of society as simultaneously socio-cultural and biophysical [19] allows this research field to serve as an umbrella under which the socio-metabolic and political-economic analyses of extractive economies can enter into productive dialogue. This conceptualization of society stems from social ecology as developed at the Institute of Social Ecology in Vienna where both authors of this article are based. The editorial for this special issue of Sustainability provides a differentiated discussion of this and other approaches to social ecology.
We discuss major research strands on extractive economies in Section 2 and present a framework of socio-metabolic and socio-economic indicators to quantitatively distinguish different types of extractive economies in Section 3. In Section 4, we present our results-an overview of extractive economies according to material flows and types and national income. In Section 5, we discuss insights from political ecology and political economy research that may enrich the data-driven and quantitative analysis of extractive economies. We propose that by crossing these bridges, we may arrive at a better understanding of the role of extractive economies in the global economy. Such an understanding is essential not only for assessments of this particular development trajectory but is also a prerequisite to evaluating the sustainability of the world's wealthiest economies.
Extractive Economies in the Global Economy
Our research on extractive economies builds on important previous work, especially from development studies, (ecological) economics, and political ecology, aimed at providing a general narrative on the role of resource provision and consumption in the global economy. After the Second World War, economists noted that, in contrast to countries specialized in manufacturing, primary commodity exporters had experienced deteriorating terms of trade [20, 21] . The observation of prices for primary commodities declining compared to the prices of secondary commodities in the long-run came to be known as the Prebisch-Singer thesis [22] and influenced the rise of dependency theory [23] . World-systems theory has observed similarly skewed relations between core and periphery countries [6, 24] . Based on these conceptualizations, the theory of ecologically unequal exchange holds that countries which incur high environmental impacts in the extraction and preliminary processing of raw materials for comparatively low-price exports do not benefit accordingly in financial or material terms [25, 26] . In development economics, the theory of the "resource curse" has been developed which holds that countries with an abundance of natural resources 'underperform' economically compared to those countries with a lower resource endowment [27] [28] [29] . Resource-rich countries may even be more strongly prone to suffer from armed conflict [30] . For our research, the resource curse hypothesis introduces two important points of departure: (1) The entailed critique of assumed socio-economic benefits of extractivist expansion, a pillar of past and current development policy, to which we add the resource use perspective; and (2) The question whether the observed negative impacts of abundant resource endowment are a function of that endowment or perhaps more accurately of mechanisms of societal organization governing the use of resources. For our research, it is additionally noteworthy that the development of the resource curse hypothesis-and even its critique [31, 32] !-relied on monetary measurement of natural resources, either as natural resource abundance or dependence (monetary value of primary exports divided by national income) or as natural wealth [33] . More recent research on these interrelated topics (core-periphery relations, ecologically unequal exchange, and the resource curse) has commonly sought to correct this monetary bias. Especially in ecological economics and political ecology, the relationship between physical and monetary flows has been studied in order to determine whether countries benefit from trade or not. Studies empirically testing for patterns of ecologically unequal exchange have not reached agreement in their conclusions [34] [35] [36] [37] [38] [39] , also because an acceptable monetary amount of revenue for the social and environmental impacts of resource extraction for export cannot be defined [40] . Recently, the research agenda has been developed to more strongly focus on biophysical flows in identifying ecologically unequal exchange and (potential for) environmental conflict (e.g., [40] [41] [42] ).
Data on biophysical trade flows alone do not sufficiently characterize an extractive economy as socio-economically very different countries such as Australia, Azerbaijan, Bolivia, and Canada would then be grouped together [17] . These countries are net-exporters, and yet, a qualitative distinction between their extractive activities must be made. Within a high-income economy, for example, extractive sectors are not necessarily characterized by low capital inputs or lack of skilled labor [43] . Recent contributions from political ecology and political economy have provided differentiated analyses of resource-based development with special emphasis on the access to and control over resources, (transnational) production and consumption networks, and inequality and justice with regard to burdens and benefits of extraction. In Section 5, we further elaborate on these contributions in light of the results of our quantitative analysis of extractive economies.
Defining Extractive Economies in Quantitative Terms
Our empirical work focuses on insights into extractive economies that can be gained from system-wide material flow data. While this information is pivotal to our understanding of the role of extractive economies in the global economy and global environmental change, we do not expect it to allow for a full-fledged understanding of the observed resource use patterns. On the basis of political ecology and political economy research, we further deliberate these limitations in Section 5.
In material terms, we understand extractive economies to be characterized by the domestic extraction of materials for export and propose two data-driven types of operationalization of this understanding. The first allows us to identify economies in which exports biophysically dominate material use by accounting for more than 50% of all material input (from domestic extraction and imports). The second isolates countries that are net-exporters, i.e., they export more than they import. The decision-making flow chart in Figure 1 illustrates how we implemented this understanding with the help of standard indicators of material flow accounting: export per direct material input (DMI = domestic extraction plus imports) or physical trade balance (PTB = imports minus exports, i.e., net imports) and domestic extraction (DE) per DMI. Of course, the two categories potentially overlap: Countries can be export-dominated and net-exporters. resources, (transnational) production and consumption networks, and inequality and justice with regard to burdens and benefits of extraction. In Section 5, we further elaborate on these contributions in light of the results of our quantitative analysis of extractive economies.
In material terms, we understand extractive economies to be characterized by the domestic extraction of materials for export and propose two data-driven types of operationalization of this understanding. The first allows us to identify economies in which exports biophysically dominate material use by accounting for more than 50% of all material input (from domestic extraction and imports). The second isolates countries that are net-exporters, i.e., they export more than they import. The decision-making flow chart in Figure 1 illustrates how we implemented this understanding with the help of standard indicators of material flow accounting: export per direct material input (DMI = domestic extraction plus imports) or physical trade balance (PTB = imports minus exports, i.e., net imports) and domestic extraction (DE) per DMI. Of course, the two categories potentially overlap: Countries can be export-dominated and net-exporters. The distinction between export-dominated and net-exporting economies is a priori driven by discernible patterns in the material flow data. Based on potential drivers of such distinct material use patterns, we also expect the two types of extractive economies to be politically and economically distinct. The fact that export-dominated economies provide the major share of the material available to them to the global economy may constitute, if underlying production structures are considered, an advantage rather than a loss. Export-dominated economies may be highly efficient in transforming raw materials and primary products into commodities for export, they may strike a beneficial balance in the international division of labor concerning their material inputs, and they may be, in the short- The distinction between export-dominated and net-exporting economies is a priori driven by discernible patterns in the material flow data. Based on potential drivers of such distinct material use patterns, we also expect the two types of extractive economies to be politically and economically distinct. The fact that export-dominated economies provide the major share of the material available to them to the global economy may constitute, if underlying production structures are considered, an advantage rather than a loss. Export-dominated economies may be highly efficient in transforming raw materials and primary products into commodities for export, they may strike a beneficial balance in the international division of labor concerning their material inputs, and they may be, in the shortto medium-term, partially protected from international raw material price volatility. For many raw material types, the processing stages that precede export involve so much waste generation that the share of exports in DMI does not rise above 50%. The specific combination of material types, material sources, and technology in export-dominated economies must allow them to process material input into export with comparatively low material losses. For example, processing of crude oil for export involves significantly lower material losses than is the case for copper ore. Resource-rich countries with small populations (e.g., countries with high per capita agricultural land availability) require relatively less of their resources for the consumption of their population (e.g., agricultural biomass) than do countries that are more populous. Export-dominated economies may additionally be extractive economies of the second degree in that they not only process domestically extracted raw materials but also import primary products for export. Especially the high-income extractive economies tend to be importers of primary products for further processing. By re-exporting materials that have already undergone some degree of processing, economies require relatively less material and energy input in the production process than economies that rely exclusively on domestically extracted raw material. In the international division of labor, they act not only as resource suppliers but also rely on extractive sectors in other countries. This mixed sourcing of raw materials and primary products, however, may allow them to benefit from international price volatility for primary commodities and offer some degree of protection from the so-called "specialization trap" [44, 45] .
While we expect very few economies to fulfill the export-dominated criteria, many more countries and even entire country groupings and regions are known to be biophysical net-exporters [3] . Net-exporters are global suppliers of material and provide more to the international markets than they require from them. From the national perspective, these net-exports often constitute an important source of income. In the international context, however, net-exporters may be relatively small contributors to global supply, offering them little leverage and making them economically and politically vulnerable as a result of their own specialization in extraction and production for export.
In order to be considered as extractive economies, both the export-dominated countries and the net-exporters had to domestically extract the majority of the total material available to them (DE/DMI >50%). While, as previously stated, we were interested in considering as extractive those economies that complement resource extraction with the import of primary commodities for further processing, we did not want to include countries relying chiefly on the re-export of imported materials as extractive. Countries may, for example, specialize in the production of high-grade steel for export but not engage in extraction of iron ore. Instead, they import iron concentrate for further processing. While this constitutes an interesting form of international exchange, it does not, in our understanding, characterize an extractive economy.
We analyzed exports, net imports, DE, and DMI and the relationships among them as totals as well as for material types to allow for economies behaving in an extractive manner with regard to one or several types of materials but not with regard to others. The indicators were processed in physical units (tonnes) for a global sample of 142 countries in the year 2010. The underlying material flow data were extracted from the database maintained at the Institute of Social Ecology, Vienna [3] . This view of the global economy in 2010 affords the advantage of data coverage for a large number of countries. By choosing a static perspective, we are able to gain insight into resource patterns at one point in time which can be grasped through the conceptualization we propose. While this provides us with the opportunity to test and discuss the potential and limits of our definition of extractive economies, it does not take development pathways into account. They are not addressed within the scope of this article but we do consider such pathways (e.g., of decreasing or increasing material extraction, exports, income) to be very important in advancing research on extractive economies.
We based our primary definition of extractive economies on purely biophysical indicators in order to be able to identify those economies that dominantly exported domestically sourced resources. Of course, there is a 'hidden' socio-economic component to these indicators in the sense that they do not reflect purely geomorphological and/or climatic endowment with resources but also the socio-economic feasibility of their extraction and trade. Additionally, past resource depletion determines whether countries in 2010 meet the criteria we have defined.
We wanted to determine whether the resource use patterns of extractive economies, defined according to biophysical criteria, coincided in any way with economic performance. In a first approach, we used gross national income (GNI) expressed in 2010 US dollars according to the Atlas method [46] . Based on the per capita income level, we further distinguished countries and country groupings by four income categories: high income (above 12,275 US $/cap), upper middle income (above 3976 US $), lower middle income (above 1005 US $/cap), and low income [47] .
Previous socio-ecological studies on the role of trade for resource use patterns have commonly relied on the physical trade balance (PTB = imports − exports), an indicator derived from material flow accounting [4] . Countries, regions or country groupings have been distinguished according to whether they are net-suppliers (i.e., net-exporters) or net-consumers (i.e., net-importers) of materials [34, 48] . Extractive economies were generally characterized by a negative PTB, i.e., as net-exporters. However, even countries that are not physical net exporters may be extracting/producing for foreign demand. It has been shown for the case of Chile, for example, that a significant share of the country's very high level of material consumption consists of waste rock extracted during mining of metals for export in a concentrated or pure form [49, 50] . This waste rock itself is not exported and yet must be extracted so that copper may be exported. In order to generate a more detailed picture of international trade patterns, the material flow accounting (MFA) community is currently developing methods which allow for the quantification of the amount of material used for the production of exports (and hence not used to satisfy domestic final demand). These upstream material requirements include the mass of the trade flows upon crossing the border as it is traditionally covered in MFA (see [51] ) and additionally allocate the material used in the production of exports but not incorporated in the flow itself. Accounting for upstream material requirements currently relies on approximations via monetary input-output data which reflect the structure of production and consumption [52] because data in physical units denoting the material use for production of exports are not available [53] . In the study of extractive economies, however, information on material and economic trade patterns is needed independently so that interrelations between both types of development may be considered. This criterion is not met by upstream material accounts based on monetary input-output tables [53] , for a discussion of the implications, also see [54] . We have therefore used material flow data from biophysical accounting for our analysis.
Comparing Extractive Economies
In the following, we apply our two-part, data-driven definition of extractive economies (Figure 1 ) to our data sample to provide a quantitative distinction among extractive economies, which can be productively discussed in light of political ecology and political economy advances.
Extractive Economies in Global Trade by Income Groups
Material flow data aggregated by national income shows that some of the world's richest countries rely on the rest of the world (home to the majority of the global population) to supply them with natural resources. Since the Second World War, early industrializers in Europe, North America, and Asia have been, as a country grouping, net-importers of material. Since the 1970s, fossil fuels (mainly coal, petroleum, and natural gas) have accounted for more than half of the imports of the early industrializers [3] . With the exception of Asia in the most recent decades, all other world regions (Sub-Saharan Africa, Middle East and North Africa, Latin America and the Caribbean, and the countries which emerged from the dissolution of the Soviet Union) at all other points in time between 1950 and 2010 were net-exporters of material.
In approaching the economic performance of extractive economies, we grouped countries in 2010 according to their income level and calculated the PTB by material categories for each country grouping. The early industrializers largely coincide with the high-income countries that were the grouping with the highest net imports in 2010: Their imports exceeded their exports by 500 million tons (Figure 2) . In 2010, the high-income countries (dominated, for most metals, by Australia and Canada) accounted for 25% or more of the global extraction of iron ore, bauxite, zinc, lead, gold, ilmenite, and rutile [3] . While the high-income countries were net-exporters of metals and biomass (from agriculture and forestry), they relied very strongly on imports of fossil fuels (mainly coal, oil, and natural gas) and, in much lower amounts, of construction minerals (such as sand and gravel), industrial minerals (e.g., fertilizers), and complex multi-material products that consist of several different types of material. By displaying trade flows by income groupings, we can determine that these high net imports stem from the middle-income countries. Fossil fuels flow into the high-income countries from, for example, Nigeria, Yemen, and Indonesia. Net-exports of metals and biomass flow from high-income (e.g., Australia for metals, many European countries for biomass) and lower-middle-income countries (especially in Sub-Saharan Africa and Southeast Asia as well as India, for example) to the upper-middle-income countries (among which China has become an important importer). Overall, the middle-income countries supplied approximately 900 million tons of material to the global economy in 2010, with the larger share stemming from the upper-middle-income countries. The low-income countries are characterized by low integration into the global economy and their net imports are approximately one tenth of the net imports of the high-income countries. (from agriculture and forestry), they relied very strongly on imports of fossil fuels (mainly coal, oil, and natural gas) and, in much lower amounts, of construction minerals (such as sand and gravel), industrial minerals (e.g., fertilizers), and complex multi-material products that consist of several different types of material. By displaying trade flows by income groupings, we can determine that these high net imports stem from the middle-income countries. Fossil fuels flow into the high-income countries from, for example, Nigeria, Yemen, and Indonesia. Net-exports of metals and biomass flow from high-income (e.g., Australia for metals, many European countries for biomass) and lowermiddle-income countries (especially in Sub-Saharan Africa and Southeast Asia as well as India, for example) to the upper-middle-income countries (among which China has become an important importer). Overall, the middle-income countries supplied approximately 900 million tons of material to the global economy in 2010, with the larger share stemming from the upper-middle-income countries. The low-income countries are characterized by low integration into the global economy and their net imports are approximately one tenth of the net imports of the high-income countries. 
Extractive Economies' Material Flows and Income
We found a small and inhomogeneous group of seven countries to meet the criteria for exportdominated extractive economies ( Table 1 ). The seven countries were Norway, the Republic of the Congo, Qatar, Trinidad and Tobago, Oman, Kuwait, and Australia. Given the size of this group and the 
We found a small and inhomogeneous group of seven countries to meet the criteria for export-dominated extractive economies ( Table 1 ). The seven countries were Norway, the Republic of the Congo, Qatar, Trinidad and Tobago, Oman, Kuwait, and Australia. Given the size of this group and the exogenously defined cut-off threshold (50%) in our extractive economies definition (Figure 1) , we do not propose to conduct a systematic analysis of this result. What does stand out, however, is the dominant role of domestic sources in fossil energy supply for all of these countries (and for those countries approaching but not meeting the 50% exports/DMI criterion). In these countries, more than 80% of fossil fuel DMI stems from domestic extraction; in some cases, this share approaches 100%. All export-dominated extractive economies were net-exporters of fossil fuels and fossil fuels were the most important export flow in monetary terms. With the exception of Australia, 50% or more of monetary exports of these countries consisted of crude and refined petroleum and petroleum gas [55] . For Australia, coal contributed significantly to monetary fossil energy carrier exports and this material category was closely followed by metals (especially iron ore but also copper) in monetary terms. This material evidence supports the assumption we initially made with regard to the efficiency with which export-dominated economies must transform extracted raw materials into exports. This efficiency is, in general, higher for fossil fuels than, for example, for metals. In addition, the availability of (comparatively cheap and stably priced) energy may be a decisive factor in biophysically sustaining export-dominated economies. Together, these seven economies accounted for almost 14% of all physical exports and for less than 1% of the world population. They generated almost 3% of the global income, and all but one (the Republic of the Congo) were high-income countries; their average income in 2010 amounted to over 43,000 US $/cap (with 12,275 US $/cap being the threshold for high income that year). A small number of countries appear to be thriving economically based on the extraction of high amounts of resources for export coupled with domestic fossil energy availability. This extractivism-income link, however, neither applies to the majority of countries engaged in extractive activity nor does it represent a trajectory that can be easily replicated as it appears to rely, at least in part, on the biophysical availability of fossil fuels and the economic feasibility of their extraction. Many more countries (49) were net-exporters of total materials. This group of extractive economies accounted for almost 60% of total global physical exports in 2010, approximately 24% of the population, and 19% of global income. With an average income of 6813 US $/cap (less than 16% of the average income of export-dominated extractive economies), this country grouping could be classified as upper middle income. Within this group of global suppliers of material resources, those countries with higher national income tend to have higher net exports per capita (Figure 3 ). Countries that structurally dedicate the resources available to them to export appear to profit economically if they are able to export relatively more of those resources. Accordingly, those extractive economies with the highest per capita net exports are also those with the highest average income. Given this relationship, the low level of integration of low-income economies into global material trade (Figure 3 ), may play a functional role in their extractivism-income link. The expansion of primary exports, however, cannot be considered as the key to sustainable economic growth: the possibility for expansion is limited based on resource endowment (location and size of the country) and extraction and processing capabilities. While the latter can be improved to some extent through investment, the former is subject to physical limits and to trade-offs with other forms of land use. At the same time, high average income may be associated with high domestic inequality in income (see Section 5.3). Therefore, the progression of countries from low income and low exports to high income and high exports in Figure 3 cannot be understood as a potential development trajectory for an individual country.
The relationship between exports and GDP is a long-standing topic in development economics, with the identified positive correlation (of the monetary indicators) constituting one of the pillars of export-led development policies [56, 57] . As opposed to the analysis based purely on monetary indicators, our results allow us to make two important distinctions: (1) the positive correlation between income and physical exports holds true only for net-exporting countries, i.e., cannot be verified for a general relationship between exports and income; and (2) among the net-exporters, any possible contribution of exports to income also comes at an environmental cost (more material must be exported). The relationship between exports and GDP is a long-standing topic in development economics, with the identified positive correlation (of the monetary indicators) constituting one of the pillars of export-led development policies [56, 57] . As opposed to the analysis based purely on monetary indicators, our results allow us to make two important distinctions: (1) the positive correlation between income and physical exports holds true only for net-exporting countries, i.e., cannot be verified for a general relationship between exports and income, and (2) among the net-exporters, any possible contribution of exports to income also comes at an environmental cost (more material must be exported). 
Extractive Economies by Material Types
The number of export-dominated countries is very small for biomass (Iceland) and construction minerals (Norway, Bhutan, and the Bahamas) and stands in strong contrast to the number of netexporters for these same materials: 57 countries for biomass, corresponding to over 68% of global biomass exports, and 45 countries for construction minerals (78% of global exports). Most countries domestically consume the bulk of biomass and construction minerals extracted. This does not necessarily mean that the use of these materials is directly driven by domestic final demand: For example, construction minerals may be used in factories for the production of exports and grazed biomass and fodder crops may be used to feed livestock and produce animal products for export. For fossil fuels, 25 countries were export-dominated and 38 were net-exporters. Fossil fuel extractive economies accounted for more than ¾ of all fossil fuel exports in 2010. Countries of all income categories were represented in this group with an average income between 6000 and 7000 US $/cap corresponding to upper middle income. For metals, 11 economies were export-dominated and 28 were net-exporters. Eleven countries accounted for almost 50% of global metal exports, the 28 netexporters accounted for approximately 15% more. In spite of their significant contribution to global supply, the export-dominated economies for metals feature the lowest average income (below 3500 US $/cap, lower middle income) out of all the groupings presented in Table 1 . In contrast to the extractive economies for all other material types, the average income is lower here for the export- 
The number of export-dominated countries is very small for biomass (Iceland) and construction minerals (Norway, Bhutan, and the Bahamas) and stands in strong contrast to the number of net-exporters for these same materials: 57 countries for biomass, corresponding to over 68% of global biomass exports, and 45 countries for construction minerals (78% of global exports). Most countries domestically consume the bulk of biomass and construction minerals extracted. This does not necessarily mean that the use of these materials is directly driven by domestic final demand: For example, construction minerals may be used in factories for the production of exports and grazed biomass and fodder crops may be used to feed livestock and produce animal products for export. For fossil fuels, 25 countries were export-dominated and 38 were net-exporters. Fossil fuel extractive economies accounted for more than 3 4 of all fossil fuel exports in 2010. Countries of all income categories were represented in this group with an average income between 6000 and 7000 US $/cap corresponding to upper middle income. For metals, 11 economies were export-dominated and 28 were net-exporters. Eleven countries accounted for almost 50% of global metal exports, the 28 net-exporters accounted for approximately 15% more. In spite of their significant contribution to global supply, the export-dominated economies for metals feature the lowest average income (below 3500 US $/cap, lower middle income) out of all the groupings presented in Table 1 . In contrast to the extractive economies for all other material types, the average income is lower here for the export-dominated economies than for the net-exporters. For metals, in particular, the amount of material loss (waste rock) between extraction and export can be very large; the metal content of extracted ore may be below 1%. For industrial minerals, the contribution to global exports is more evenly divided between the extractive economies with the 14 export-dominated countries contributing 32% and the 26 net-exporters contributing slightly less than twice that share (61%).
The positive relationship between income and net exports for total material flows ( Figure 2 ) does not hold true for all of the material categories. Even at the very high level of aggregation by five material categories, which resources a country extracts for export makes a difference in that country's economic performance. A positive correlation between income and per capita net exports was only found for fossil fuels (R 2 = 0.47, p < 0.001). For all other materials, the analysis did indicate a positive relation (R > 0) but with a low goodness-of-fit and/or low significance of the determined relationship.
Insights from Political Ecology and Political Economy
The quantitative economic and material flow data provides important insights on extractive economies in aggregate terms of inhomogeneous material categories and at the national level. To better understand the potential prospects and risks of extractive economies, we bring these results into dialogue with insights from political ecology and political economy research. These case studies have closely examined extractive activity for specific resources and countries as well as at different scales to gain insight into the role of political and economic mechanisms that shape extractive economies. From the wealth of theoretical underpinning and empirical evidence applicable to our research on extractive economies, we have selected two fundamental mechanisms by which resource extraction and use is societally organized: (1) the access to land as a precondition to any type of extractivist expansion; and (2) the integration of the economy in question in transnational networks of production and consumption as decisive for the role which export-led extraction may play. Both these mechanisms are related to inequality and justice with direct implications for the distribution of benefits and burdens associated with extractivist development.
Contested Access to and Control Over Land and Resources
Extractive activity requires access to and control over territories in order to extract one particular material or resource. Vast areas of land are typically appropriated; water and energy constitute other important inputs. Political ecology research has identified the pivotal role of control over land in extractive economies [58] [59] [60] [61] . Extractive industries require exclusive control over land that often excludes existing users and uses from these lands. The state and power relations within (state) institutions play a crucial role in defining and formalizing exclusive property rights which precede the extraction of resources from specific territories (both for state and private companies) [62] . The resulting land-use competition [63] or competing claims to land [59] increasingly becomes manifest in conflicts over access to land, especially at the resource-use frontier where new claims are established [5, 64, 65] . Our study of material flows and economic indicators would lead us to expect potential for conflict wherever extraction expands [66] , even in the high-income extractive economies. Comprehensive research into socio-ecological conflicts as represented by the Environmental Justice Atlas (compiled under the European FP7 project EJOLT (Environmental Justice Organizations, Liabilities and Trade): http://ejatlas.org/) empirically documents that the link is not as straight-forward as 'more extraction, more conflict'. Instead, manifest conflicts depend on specific power relations and institutional orders in the respective countries as well as on the specific integration of countries or local extraction sites in the world market [67, 68] . Conflicts over water in the drought-plagued Murray-Darling basin in southeastern Australia, for example, have been carried out chiefly over economic issues, between farmers and miners and between governments at the sub-national level [69, 70] . In many countries of the global South, in contrast, claims to subsistence and indigenous lands have pitted actors with much greater disparity in power against each other (also see Section 5.3). The recent opening of the economy for the exploitation of natural resources in Myanmar, for example, has given rise to resistance against land enclosure in the ethnically diverse uplands of the country [64] . Similarly, the rapid expansion of oil palm plantations in Indonesia has led to conflicts with indigenous peoples who challenge the territorialization and commodification of their lands [59] . What is observed as environmentally unequal exchange (Section 2) based on international inequalities between trade partners, may be directly linked to inequalities at the subnational level with regard to the access to resources and hence also the power to make decisions with regard to their use. In order to operationalize such inequality in biophysical resource use, aggregate national indicators do not suffice and current developments towards subnational or even spatially explicit data collection are imperative.
Through its role in securing access to and control over land, the state plays an important role in how and by whom rents from the extraction of natural resources are obtained. Governments at different levels may see their role in supporting extractive industries' access to land if rents, secured in essence by access to that land, constitute an important source of income for the national or regional economy [71, 72] . This observation is potentially tied to one we have made based on material flow data: Countries that domestically extract and import raw and semi-processed materials for further processing before export are less dependent on rent as a source of income than those countries with no internal processing capacities. We suggested that, in general, the degree to which countries are able to build economic complexity surrounding their extractive industries may play an important role in national income. In light of the political ecology and economy research, we further propose that the share of rents in total national income would also play a role in how access to land is governed. The observed resource curse (Section 2) may depend less strongly on the endowment with natural resources (even if this were physically and not only monetarily captured) and more on how and to what end available resources are governed.
Transnational Production and Consumption Networks
In material terms, we were able to distinguish countries concentrating on the extraction of resources for export from those countries specializing in the extraction of individual material types (e.g., biomass, fossil fuels, metals). High-income extractive economies tend not to specialize in the extraction of only one type of material, although fossil fuels tend to be among the materials extracted (Section 4.2), and exhibit a high to intermediate economic complexity index [55] . Political economy research has linked the focus on the extraction of a small number of specific resources to the "specialization trap", in which countries are especially vulnerable to fluctuating world market commodity prices and ensuing boom-and-bust dynamics [44, 45] . The reasons for such specialization may partially lie in resource endowment and can additionally be found in extractive industry's role in global value chains and world market integration [73, 74] . Investment, governance, and ownership patterns in transnational production and consumption networks strongly influence the role of the extractive sector within the national economy. The national or regional advantage of the extractive sector may, therefore, not only depend on power relations between individual nation states but also on the relational ways in which companies, states, workers, and consumers are incorporated in production networks that transgress national boundaries [74] . Depending on these transnational relations, extractive sectors, especially in the Global South, tend to develop enclave economies. These enclaves are characterized by weak linkages between large-scale investments in extractive sectors and local companies or the national economy at large and are often led by international or foreign capital [74] [75] [76] . National governments and institutional structures may play a decisive role in creating linkage effects and contributing to the (economic) success (or lack thereof) of the extractive economy. An analysis of extractive economies has to consider the network of production and consumption to which an extractive industry contributes at the international (bilateral trade relations) and the transnational level (networks of corporations and businesses not apparent at the aggregate national scale), i.e., the conflicting interests and dependencies of companies, states, and other transnational players [74] .
At the national level at which material flow data are currently available, we were able to identify the role of economies as global suppliers or consumers of resources. In addition, patterns in material extraction began to emerge, possibly providing some indication of biophysical manifestations of economic integration of the extractive activity. We found, for example, that extractive economies based on a mix of materials in their exports tended to feature higher income if they also extracted fossil fuels. The associated access to comparatively cheap energy for the extractive industries as well as for further processing may be decisive in the degree to which countries can economically benefit from their extractive activities. Yet, based on aggregate national material flow data, we cannot draw definite conclusions as to the integration of the extractive activity into the economy, which may be just as influential as the question of economic complexity.
Inequality and Justice
Linked to the access to and control over resources and the role of extractive sectors in (transnational) production and consumption networks are questions of inequality and justice [77] . This strand of research has centered on who stands to benefit economically and socially from resource extraction and who carries the socio-ecological costs, including, for example, pollution, loss of land, or health impacts [78] .
Irrespective of average national income, extractive economies may face particular challenges with regard to intra-national inequality because increasing affluence at the national level (e.g., through the increase of rents from the export of primary commodities) is not necessarily linked to an equal share of this affluence by all social groups [71, 76, 79, 80] . Even in countries that attempted to redirect increasing rents of natural resource exports towards marginalized groups in recent years (e.g., Ecuador, Bolivia, Argentina), the redistributional effects have remained marginal. In many cases, social policies were oriented towards conditional cash transfer programs to combat extreme poverty but have not taken up more structural efforts to reform the highly unequal tax system or land ownership structures that benefit the wealthy sectors of society [72] .
Whereas political economy research has analyzed inequality and justice mainly from an economic and monetary perspective, political ecology has highlighted the political dimensions of justice [81, 82] . In a multi-dimensional perspective, political representation and cultural recognition are incorporated in the analysis of socio-ecological justice with regard to resource extraction. Political representation asks who is included in decision-making processes and how rules and procedures for extractive economies are set. Cultural recognition demands a sensitivity towards alternative ways of living and forms of knowledge (e.g., subsistence farming, indigenous production systems) that challenge extractive sites and may be missed in economic analyses of inequality [66, 81] .
Systematically considering inequality along its environmental, social, and economic dimensions and in light of its sustainability implications and underlying drivers across levels of scale constitutes an important research frontier for social ecology. This frontier promises to be especially productive not only with regard to the specific role of inequality in extractive economies but also more generally in aiding social ecology to contribute to transformative knowledge for sustainability transformation.
Conclusions: Socio-Ecological Research on Extractive Economies
Starting from a data-driven socio-metabolic approach, this article has presented a comparison of extractive industries in quantitative terms. We found that the richest countries in the world have relied on the rest of the world to supply them with raw materials although they seem to have experienced declining material use in national extraction since the 1970s. Fossil fuels comprise the most important imports of primary commodities for these high-income countries. We distinguished between export-dominated countries that export more than 50% of their material input and net-exporters that provide the world market with more raw material than they import. Fossil fuels stand out, as all export-dominated countries are able to extract fossil fuels domestically. For most of them, fossil fuels are also the major export product. Whereas extractive economies are not necessarily linked to high or low levels of average national income, there are some interesting correlations. For countries that are net-exporters with regard to their total exports and imports, there is indeed a positive correlation with average national income, whereas metals export-dominated countries tend to exhibit comparatively low average income. For metals, in particular, the amount of material loss (waste rock) between extraction and export can be very large which might be an explanation for this pattern. By considering extractive economies in their aggregate, biophysical dimensions at the national level, we cannot conclude what causes the (economic) success or failure of such economies. We demonstrate that there are insights to be gained from this particular socio-ecological take on the extractive economy that provide potential for synergy with the political economy and political ecology research on associated socio-economic and political-institutional arrangements.
First, case studies have demonstrated how the question of access to and control over resources is decisive for biophysical availability of resources and emerging resource use patterns as well as for potential and manifest conflicts arising from extractive industries. Second, research on global value chains has highlighted the importance of transnational networks of production and consumption that transgress the national scale of analysis and have decisive consequences for the national and regional advantages (or lack thereof) of extraction sites. Overall, where extractivism is associated with higher average national income (as may be the case in the net-exporting countries), research on inequality and justice has shown that this rise in income is not necessarily linked to an equal share in this affluence by all social groups. Specific institutional arrangement and power relations matter, and monetary economic redistribution has to be accompanied by political and cultural dimensions of justice. Observed manifestations of the patterns in international resource trade such as the resource curse hypothesis and ecologically unequal exchange provide conceptual entry points for the type of integrated qualitative and quantitative research which we propose. At the same time, that research has the potential for further illuminating these concepts, especially by considering why they appear analytically valid yet not universally applicable. Here, the insights to be gained from material flow data on the composition of resource extraction and use constitute examples of how the mutual links between resource use patterns and their societal organization shape country-level development.
Any development trajectory based on the high and growing exploitation of natural resources will ultimately run into physical limits. These will initially be observed economically as rising costs of extraction but are ultimately biophysical in nature. In fact, some of the early industrializers have developed from extractive economies towards a stronger focus on the secondary and tertiary sectors. In the United Kingdom, for example, the domestic extraction of iron ore for the country's signature steel industry has long ceased to be economically viable. Instead, steel production has relied on imports of ores and concentrates. As, however, some of the world's most important extractive economies for iron began increasingly focusing on further processing of steel and on newly emerging markets, imports as a source of supply for the United Kingdom's industry dwindled. This 'other side of the coin' must be considered alongside the more common narrative of global glut and falling prices affecting the industrial motherland's ability to compete internationally in what was once one of its prime commodities [83, 84] . Just as secondary processing relies on the extraction of primary material elsewhere, so does the tertiary sector rely to some extent on secondary (and by extension primary) economic activities. Continued growth, no matter which of the areas of the economy it relies on, is therefore ultimately unsustainable.
The development of an extractive economy occurs simultaneously in biophysical and in socio-political terms. As a result, research is required which allows us to "address social and natural structures and processes on an equal epistemological footing". Social ecology offers a conceptual framework of society-nature relations in which "human social and natural systems interact, coevolve over time and have substantial impacts upon one another" [19] . Within such a framework, the results on extractive economies' material flows and their socio-political arrangements must be further made mutually meaningful and applied in integrated socio-ecological research on extractive economies.
